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ABSTRACT
Accurate stellar properties are crucial for determining exoplanet characteristics. Gaia DR2 presents
revised distances, luminosities, and radii for 1.6 billion stars. Here, we report the calculation of revised
radii and densities for 320 non-Kepler exoplanets using this data and present updated calculations
of the incident flux received by 690 known exoplanets. This allows the likelihood that those planets
orbit in the habitable zone of their host stars to be reassessed. As a result of this analysis, three
planets can be added to the catalogue of potentially habitable worlds: HIP 67537 b, HD 148156 b,
and HD 106720 b. In addition, the changed parameterisation of BD +49 898 means that its planet,
BD +49 898 b, now receives an incident flux that places it outside the optimistic habitable zone region,
as defined by (Kopparapu et al. 2013, 2014). We find that use of the new Gaia data results in a mean
increase in calculated exoplanet radius of 3.76%. Previously, CoRoT-3 b had been reported as having
the highest density of all known exoplanets. Here, we use updated information to revise the calculated
density of CoRoT-3 b from 26.4gcm−3 to 16.1±3.98gcm−3. We also report the densest exoplanet in our
dataset, KELT-1 b, with a density of 22.1+5.62−9.16g cm
−3. Overall, our results highlight the importance of
ensuring the the parameterisation of known exoplanets be revisited whenever significant improvements
are made to the precision of the stellar parameters upon which they are based.
Keywords: stars: fundamental parameters — techniques: photometric — catalogs — planets and
satellites: fundamental parameters
1. INTRODUCTION
Over the three decades since the discovery of the first
planets around other stars marked the dawn of the Ex-
oplanet Era (Campbell et al. 1988; Latham et al. 1989a;
Wolszczan & Frail 1992; Mayor & Queloz 1995), we have
come to realise that planets are ubiquitous, and that the
variety of planetary properties and system architectures
is far greater than we ever imagined (e.g. Carter et al.
2012; Kane et al. 2016; Gaudi et al. 2017; Gillon et al.
2017a).
Aside from the unexpected worlds found orbiting the
pulsar PSR1257 +12 (Wolszczan & Frail 1992), the first
exoplanets found were all behemoths, comparable in size
to Jupiter (e.g. Latham et al. 1989b; Butler & Marcy
1996; Marcy & Butler 1996). Those first planets in-
cluded the first surprise of the Exoplanet Era – the ’Hot
Jupiters’ – planets the mass of Jupiter moving on orbits
with periods measured in hours, or just a few days (e.g.
Mayor & Queloz 1995; Hellier et al. 2011; Wright et al.
2012).
In the decades since those first discoveries, the sur-
prises have kept coming. A great diversity of alien
worlds has been revealed. Some planets move in tightly
packed planetary systems (e.g. MacDonald et al. 2016;
Mills et al. 2016; Gillon et al. 2017b), whilst others move
on extremely elongated orbits (e.g. Naef et al. 2001;
Tamuz et al. 2008; Wittenmyer et al. 2017a).
In the early years of the Exoplanet Era, the predomi-
nant method used to find exoplanets was the radial ve-
locity technique (e.g. Endl et al. 2000; Wittenmyer et al.
2014, 2017b). Using that technique, it is possible to con-
strain the orbit and mass of newly discovered planets,
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but with radial velocity observations alone, we can learn
nothing more about the planet’s physical nature.
The advent of large scale transit surveys, such as the
Wide Angle Search for Planets (WASP; Collier Cameron
et al. 2007; Hellier et al. 2011; Temple et al. 2017),
the Hungarian Automated Telescope Network (HATnet
Bakos et al. 2007; Penev et al. 2013; Zhou et al. 2017)
and the Kilodegree Extremely Little Telescope (KELT
Siverd et al. 2012a; Kuhn et al. 2016; Johnson et al.
2018) offer a solution to this problem.
If a planet is known to transit its host star, then its
diameter can be determined. Simply - a larger planet
will block more light than a smaller one, resulting in
a deeper, more pronounced transit. Spectroscopic ob-
servations carried out during an exoplanet’s transit can
yield information on the atmospheric scale and even
composition of that planet’s atmosphere (e.g. Redfield
et al. 2008; Sing et al. 2011; Kreidberg et al. 2014).
In addition to such observations, measuring the ra-
dial velocity variations of the transiting planet’s host
star will yield its mass. As a result, it is possible to
more fully characterise the planet - calculating its bulk
density. Such observations have revealed an incredible
breadth of potential planetary densities, ranging from
planets less dense than cotton candy (e.g. Masuda 2014)
to others denser than Osmium (e.g. Siverd et al. 2012a;
Marcy et al. 2014).
In the coming years, the focus of planet search pro-
grams will shift from primarily finding large planets to
the search for potentially habitable, Earth-like worlds
(e.g. Mayor et al. 2009; Kennedy & Wyatt 2013; Bon-
fils et al. 2018). NASA’s Transiting Exoplanet Survey
Satellite (Ricker et al. 2015) should yield hundreds of
such worlds over the coming years, and the race will
be on to determine which, if any, could be potentially
suitable as targets for the search for life beyond the So-
lar system (e.g. Horner & Jones 2010; Cuntz & Guinan
2016; Lingam & Loeb 2018).
A key component of that characterisation effort will
be attempts to quantify the incident flux a given planet
will receive from its host star, to see whether it falls in
the putative ’habitable zone’, and could therefore have
a reasonable likelihood of hosting liquid water upon its
surface (though a variety of other factors will also have
to be taken into account - see e.g. Horner & Jones 2010;
Horner et al. 2010; Horner & Jones 2012).
To address this, Kopparapu et al. (2013, 2014) propose
the concepts of the ’optimistic’ and ’conservative’ hab-
itable zones, whose inner boundaries are defined as the
limits where a planet would resemble a younger Venus,
potentially harboring liquid water, and where a planet
would lose its water oceans entirely to evaporation, re-
spectively. Using these boundaries, researchers are al-
ready proposing potential systems that are worthy of
attention with the next generation of radial velocity fa-
cilities as potential hosts of habitable worlds (e.g. Agnew
et al. 2017, 2018a)
The characterisation of the density and potential
habitability of newly discovered exoplanets depends
strongly on the precision with which the host star can
be characterised. The measurement of the planet’s di-
ameter, for example, relies on an accurate value for the
star’s size, whilst the investigation of the planet’s po-
tential habitability (in terms of the insolation received)
depends critically on an accurate measurement of the
star’s luminosity (e.g. Kopparapu et al. 2014).
For this reason, when new and improved data become
available allowing planet host stars to be better char-
acterised, it is vital that the catalog of known exoplan-
ets be revisted, in order to ensure that the parameters
available to researchers are as accurate and up-to-date
as possible.
The Gaia spacecraft is currently undertaking a five-
year program of observations, through which it will ob-
tain exquisitely precise measurements of several billion
stars (e.g. Perryman et al. 2001; Gaia Collaboration
et al. 2016a). Gaia’s observations will yield precise dis-
tances, luminosities and effective temperatures for its
target stars that represent a vast improvement on the
data previously available.
The second Gaia data release was made available on
April 25, 2018, and contains data for a total of almost
two billion sources1, of which over 1.3 billion include
parallax determinations, allowing the distances to those
stars to be accurately determined.
In this work, we take advantage of the recent Gaia
Data Release 2 (Gaia Collaboration et al. 2016b, 2018;
Riello et al. 2018; Sartoretti et al. 2018; Luri et al. 2018)
to update the calculated sizes, densities, and incident
fluxes for a large sample of known exoplanets. Our pa-
per is structured as follows: in Section 2, we describe
our methodology, before presenting and discussing our
results in Section 3. Finally, in Section 4, we draw
our conclusions, and highlight the important role that
surveys such as Gaia will play in the development of
exoplanetary science in the coming years.
2. METHODOLOGY
2.1. Gaia DR2 pipeline
1 Details of the Gaia Data Release 2 can be found at
https://www.cosmos.esa.int/web/gaia/dr2
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The Gaia collaboration has made use of the Astro-
physical Parameters Inference System (Apsis) to pro-
vide estimates of stellar effective temperature, luminos-
ity, and radius for 77 million stars (Andrae et al. 2018).
Using the GSP-Phot software (Andrae et al. 2018) were
able to infer stellar effective temperatures using different
G-band colors. Stellar luminosities were inferred using
stellar G-band magnitude, effective stellar temperature,
temperature dependent bolometric correction, and the
Solar bolometric magnitude, defined as Mbol = 4.74.
Stellar radii were then easily inferred using the Stefan-
Boltzmann Law. Andrae et al. (2018) found that esti-
mates of extinction, AG, were not accurate on a star-
to-star basis and chose to set AG = 0. Their radii
estimates show little disagreement (<5%) when com-
pared to interferometry and astroseismology literature
radii for several well-studied stars. Uncertainty in Teff
could potentially produce large errors in stellar radius,
so we choose to report the median uncertainty in the in-
ferred effective temperature of our sample to be +1.67 %
and -1.49 %. Although the Gaia DR2 luminosities tend
to be underestimated, Andrae et al. (2018) provides a
means of accounting for an accurate measure of extinc-
tion or a change in bolometric correction through a set of
simple exponential scaling laws. These estimated stellar
luminosities and radii were used in this work.
2.2. Cross Matching & Filtering
First, we cross-matched the details of 3,735 confirmed
exoplanets2 with an ADQL Query of the Gaia DR2
archive. Sources within 5 arc-seconds of the planet
host stars detailed in the NASA Exoplanet Archive were
selected. In cases where multiple sources were found
within the 5 arc-second cone around the coordinates of
the planet host, the source with the lowest angular dis-
tance to the coordinates was selected.
Berger et al. (2018) have already presented updated
planetary parameters for those systems discovered
through the course of the Kepler and K2 programs.
As a result, we removed all Kepler, KIC, and KOI tar-
gets from our sample, resulting in a filtered dataset
containing 949 exoplanets. The data were then used
to separately perform habitable zone evaluations, radii
determinations, and density determinations.
To calculate revised planetary radii, the dataset was
first filtered to only include those systems for which the
planet in question has been observed to transit its host
star. Systems with no previously reported planetary ra-
2 Details of the confirmed exoplanets were taken from the NASA
Exoplanet Archive, at https://exoplanetarchive.ipac.caltech.edu/,
on 22 June.
dius were also removed. Updated planetary radii were
calculated for this revised dataset, which consisted of
320 planets.
We then proceeded to use these revised radii to de-
termine the bulk densities of those planets for which a
radius and mass was available. Of our sample of revised
radii, no mass measurements were available for a total of
nine planets, and so no density calculation was possible
for those worlds.
Finally, we calculated the incident flux that would
be experienced by the planets in our original dataset.
We excluded those systems for which no information
was available on the luminosity of the host star, or the
semi-major axis of the planet in question. As a result,
259 planets were excluded from this phase of our study.
This left 690 planets for which an incident flux could be
calculated. Similar to the analysis done by Kane (2018),
those fluxes were then compared to the boundaries for
the optimistic habitable zone, as described in Koppa-
rapu et al. (2013, 2014). In those works, They provide a
mathematical description of the limits of the habitable
zone for any planet, as shown in Equation 1.
Seff = Seff + aT∗ + bT 2∗ + cT
3
∗ + dT
4
∗ (1)
where Seff is the incident flux on the planet, Seff is
a constant corresponding to the stellar flux at the re-
cent Venus, runaway greenhouse, maximum greenhouse,
or early Mars habitable zone limit, a, b, c, and d are
polynomial coefficients determined in that work for each
habitable zone limit, and T∗ is the host star’s effective
temperature.
2.3. Revised Planet Radius
To calculate our revised planetary radii, we exploited
the fact that the observed depth of a transit event does
not change with an updated distance. With a previously
known stellar and planetary radius, a revised planetary
radius is easily calculated. The transit depth of an event
varies with the ratio of the area of the planetary disk to
the area of the stellar disk as in the following equation:
∆F =
(
Rp
R∗
)2
(2)
where F is the fraction of light obscured by the transit-
ing planet, Rp is the radius of the planet, and R∗ is the
radius of the star. Since the the transit depth is inde-
pendent of the measured distance to the star, then the
ratio of the planet’s radius to that of its host star will
be the same regardless of that star’s distance from the
Earth. It is therefore fair to say that:
R′p
R′∗
=
Rp
R∗
(3)
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Where R′p and R
′
∗ are the newly determined radii for
the planet and star, respectively. This was then solved
for R′p.
R′p =
(
R′∗
R∗
)
Rp (4)
which was then be applied to the selected systems to
calculate a revised planetary radius using the updated
stellar radii resulting from the improved distance calcu-
lations offered for those stars by Gaia DR2. A similar
methodology to calculate updated planetary radius was
applied by Kane (2018) to the TRAPPIST-1, Kepler-
186, and LHS 1140 systems.
2.4. Planetary Densities
With updated planetary radii calculated using data
from Gaia DR2, it is possible to determine updated bulk
densities for a subset of the planets detailed in the NASA
Exoplanet Archive. Such calculations could only be per-
formed for those planets for which a mass determination
was available in the literature. Of our sample, nine sys-
tems had to be excluded on the basis of there being no
available mass determination, which left 311 planets for
which a density determination could be made. Plane-
tary density was calculated using the following equation:
ρp =
3Mp
4piR3p
g cm−3 (5)
2.5. Habitable Zone
Recent years have seen significant interest in the fre-
quency with which planets are found that orbit their
hosts within the ”habitable zone”, where stellar insola-
tion levels are such that one might reasonably expect
an Earth-like planet to be capable of hosting liquid wa-
ter on its surface. Exoplanet discovery papers regularly
assess whether newly discovered planets lie within the
habitable zone around their host stars. With the up-
dated stellar parameters available from Gaia DR 2, it
seems prudent to reassess these claims, and to examine
the known catalogue of exoplanets to see which can still
be considered to lie within the habitable zones of their
stars.
In order to evaluate whether a given planet moves on
an orbit within the habitable zone around its host star,
we use the habitable zone boundaries for a 1M⊕ planet
provided by Kopparapu et al. (2013, 2014). The Re-
cent Venus and Early Mars limits were used to identify
the optimistic habitable zone while the Runaway Green-
house and Maximum Greenhouse limits were used to
identify the conservative habitable zone. Our habitable
zone evaluations were governed by a planet’s incident
flux and the effective temperature of its host star. Each
planet’s incident flux was calculated using the host star’s
luminosity (L∗) and the semi-major axis of the planet’s
orbit, a. The luminosity of the host star can be ex-
pressed as
L∗ = 4piR2F (6)
where F is the incident flux on the planet. Solving for
flux yields
F =
L2∗
4pia2
(7)
where R is replaced by a and is the semi-major axis of
the planet’s orbit. When the luminosity is expressed in
units of the Solar luminosity, and distances are measured
in au, Equation 7 becomes
F/F⊕ =
L∗/L
(a/au)
2 (8)
where F⊕ is the incident flux on Earth, L is Solar Lu-
minosity, and au is the distance from the Earth to the
Sun, or approximately 1.496x108 km. Equation 8 allows
us to express incident flux in units of F⊕, the incident
flux at the Earth (also known as the Solar constant, with
a value of approximately 1360 Wm2).
Equation 8 relies on an accurate measurement of the
semi-major axis of the planet’s orbit. The observational
results presented in Gaia DR 2 typically result in rel-
atively small changes in the distances to the stars ob-
served, of order just a few percent. These revised dis-
tances in turn mean that the calculated luminosities of
those stars must be updated - if a star is found to be
farther from Earth than previously thought, the it must
also be somewhat more luminous than previously cal-
culated. That increased luminosity will clearly impact
upon the incident flux we would determine for that star’s
planets, and therefore alter the calculated location of the
habitable zone.
It might be natural to consider that an increased lumi-
nosity for a given star would also mean an increased cal-
culated mass, and therefore a larger orbital semi-major
axis for a planet with a given orbital period. However,
we note that even relatively large changes in luminosity
typically infer only a very small change in a star’s mass,
since the luminosity varies roughly in proportion to the
mass raised to the power four, as shown in Equation
9. For this reason, we assume that the calculated semi-
major axis for the planets in our sample will not change
as a result of the new Gaia DR 2 data, and therefore opt
to calculate new insolation values for the planets in our
sample using their published orbital semi-major axes.
L∗ ∝M4 (9)
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It should be noted here that the determination of up-
dated masses for the stars in question is beyond the
scope of this work, as such stellar masses are best de-
rived from individual spectra (Kane 2018; Sanders &
Das 2018; Silva Aguirre et al. 2015; Schmitt & Basu
2015), rather than from their observed distance from
Earth.
3. DISCUSSION
3.1. Classification of Selected Stars
The majority of the stars in our sample were of spec-
tral types F, G, and K. This is not unexpected, since ra-
dial velocity search programs have historically focused
on such “Sun-like” stars, since they present an abun-
dance of narrow spectral absorption lines that facili-
tate precision radial velocity measurements (Butler et al.
1996). Earlier-type main sequence stars typically have
too few spectral features, and those that are present are
rotationally broadened and are of limited use for planet
search.
We found that our sample of exoplanet host stars con-
sists of 80 % main-sequence and 20 % sub-giants. This
division between main-sequence and sub-giant planet
hosts is illustrated in Figure 1, which shows the clas-
sification of a subset of 203 of our target stars. The
division between sub-giants and main-sequence stars is
clearly visible.
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Figure 1. Stellar Classifications of 203 selected exoplanet
host stars. Black dots represent main sequence stars and
blue dots represent sub-giants. Only host stars with a Gaia
reported radius and temperature were plotted. Stellar radii
fall between 0.6 and 3R. A majority of these host stars
are F, G, and K type main sequence stars. Stars toward
larger radii tend to span into the sub-giant branch of the HR
diagram.
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Figure 2. Planetary Radius versus Semi-Major axis. Black
dots represent data presented in this work while red data
represents NASA Exoplanet Archive reported values. Grey
lines represent tracks along which radius changed due to Gaia
updated luminosities. Tracks show no change in semi-major
axis due to our assumption that changes in semi-major axis
were negligible. For plotting purposes, the data were filtered
to exclude all systems with no reported semi-major axis. The
bottom panel shows the difference between revised planet
radii and NASA reported radii.
100 0 100 200 300 400 500
% change
0
20
40
60
80
100
Co
un
ts
Planet Radius
Incident Flux
Figure 3. Histograms of the percent change in planetary
radius and incident flux received by the planet. The blue
histogram, which represents the percent change in planetary
radius, contains 320 of our revised planet radii. The orange
histogram, which represents the percent change in incident
flux received by the planet, contains 690 of our revised planet
incident fluxes. We calculated a median percentage change
in planetary radius and incident flux of +2.56 % and +1.05
%, respectively.
3.2. Revised Planet Radii
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Using Gaia reported stellar radii we were able to cal-
culate revised planetary radii using Equation 4. The
host star parameters used in this work can be found in
the Appendix in Table 2. A full table of derived plane-
tary parameters can be found in the Appendix in Table
3. We calculated a +3.76 % average change in radius
across 320 confirmed planets and a median percentage
change in radius of +2.56 %. These statistics are re-
flected in the bottom panel of Figure 2 as well as in Fig-
ure 3. We chose to report both the average and median
percent change in planet radius due to the possibility of
outliers skewing the measurement of the average percent
change in radius. The main panel of Figure 2 shows a
dense population of planets between 10 and 20R⊕ and
between 0.01 and 0.1au. The high density of planets
around 14R⊕ is also reflected in Figure 4 and is a result
of our selection biased towards planets discovered using
ground based observations. The average revised plane-
tary radius was 13.61R⊕ with a standard deviation of
4.21R⊕. This population of large planets, also seen in
Figure 5 and Figure 6, are the hot and warm Jupiters -
the giant planets on short period orbits to which both
radial velocity and transit observations are particularly
sensitive (Wright et al. 2012).
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Figure 4. Distributions of planetary radii from this work
(black) compared to those reported by the NASA Exoplanet
Archive (red). We find that the peak in the distribution
of planetary radii, at around 14R⊕ is slightly narrower and
more pronounced than that seen using the old NASA Ex-
oplanet Archive data. A K-S test of the two distributions
yields a p-value of 0.0850. This indicates that the statistical
distributions are likely not dissimilar.
3.3. Revised Densities
Having revised the radii for our sample of 320 plan-
ets, we proceeded to determine the densities of those
100
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Figure 5. Planet Mass vs Revised Planet Radius of 320
planets. A large population of super Jupiters can be seen
around 1MJup and 1RJup. Masses are taken from the NASA
Exoplanet Archive. The clear prevalence of high mass and
high radius planets is a reflection of our selection bias to-
wards ground based observations, which are more adept at
detecting Jupiter-mass planets.
100 101 102
Orbital Period  [days]
100
101
Pl
an
et
 R
ad
iu
s  
[R
]
Figure 6. Planet Radius versus Orbital Period of 320 plan-
ets. Revised planet radii are presented against orbital period
to emphasize the prevalence of hot Jupiters with radii around
10R⊕ and short orbital periods ranging from 1 to 10d.
planets within that sample that had available mass de-
terminations. Our results yielded, on average, slightly
lower densities for the overall population, with the me-
dian density across our sample dropping by 6.46%.
Figure 7 displays planet density plotted against semi-
major axis. Both the old NASA Exoplanet Archive val-
ues and revised Gaia values are plotted together to show
how the distribution changed with updated parameters.
Revised Exoplanet Parameters Using Gaia DR2 7
There is no clear trend between semi-major axis and
density.
It can be seen that most planets underwent an de-
crease in density, evident by the median change of -
6.46%. The average change in density was an increase of
8.64%, and was strongly affected by planets which un-
derwent a large decrease in radius since density scales by
R−3. One such planet, HATS-12 b, increased in density
by nearly 2000% (Table 3), and is discussed in further
detail in section 3.3.2.
In Figure 8, there is a a clear increase in planet density
as mass increases beyond 0.5 MJup. This trend agrees
with the idea that above a certain mass, the gas ac-
creted by planets compresses. The radii vary little as
mass increases, which is a consequence of core electron
degeneracy; hence the density increases. There is a sign
of the trend of decreasing density before 0.5 MJup, con-
forming with the notion that planets will first increase in
radius (and decrease in density) when they accrete gas,
before gaining sufficient mass that the gas will become
compressed.
Figure 7. Planet density versus semi-major axis. Grey lines
represent tracks along which radius changed due to Gaia
updated densities.
3.3.1. WASP-103 b
WASP-103 b had the largest radius change of any
planet in our sample, increasing in radius by 87%
from the value determined by Gillon et al. (2014) to
2.86+0.16−0.58RJup, making it one of the largest known ex-
oplanets. WASP-103 b is a short period exoplanet or-
biting extremely close to its host star, and has been the
topic of extensive transit and occultation studies (e.g.
Gillon et al. 2014; Southworth & Evans 2016; Kreidberg
et al. 2018). Its orbit has been found to be on the edge
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Figure 8. Planet density versus planet mass. There is an
evident trend for planets with masses > 0.5 MJup, where
density increases with increasing mass.
of the Roche limit of WASP-103, suggesting that it may
be losing mass (Delrez et al. 2018).
WASP-103 b also had the second-lowest density in our
sample of 0.079+0.014−0.049 g cm
−3, a factor of 6 lower than
the previous value of 0.55+0.061−0.07 g cm
−3 due to the re-
vised radius (cf. Gillon et al. 2014). The increased ra-
dius and decreased density would appear to support the
earlier hypothesis that the planet is being tidally dis-
rupted by its host star and losing mass. However, we
note that the change in distance reported for WASP-
103 that resulted in these changed parameters was suf-
ficiently large to suggest that the star itself may need
to be re-examined, and that further observations are
needed to confirm its parameters (Table 1).
3.3.2. High-Density Exoplanets
In previous literature, CoRoT-3 b had the highest den-
sity of any exoplanet at 26.4±5.6 g cm−3 (Deleuil et al.
2008). In this work, we obtain an updated density for
CoRoT-3 b of 16.1±3.98 g cm−3. As a result, the man-
tle for the planet with the highest density in our sam-
ple goes to KELT-1 b, with a new density of 22.1+5.62−9.16
g cm−3, a value slightly reduced from that published
previously, of 24.7+1.4−1.9 g cm
−3 (Siverd et al. 2012b).3
Whilst definitive answers on the true density of WASP-
103 b might have to wait until more observations are
obtained to confirm the stellar properties, we note that
that KELT-1 exhibited only a small change in luminos-
ity as a result of its updated Gaia parameters, and so we
consider it unlikely that an updated mass will be signif-
3 HN Peg b had a larger revised density of 25.8 g cm−3, but
was excluded due to its large error of ±17.9 g cm−3
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icantly different to that published previously, see Table
1. As such, we consider the density calculated for this
planet robust.
Additionally, our work reveals one planet which has
a revised density between KELT-1 b and CoRoT-3
b. HATS-12 b has a mass and radius markedly lower
than KELT-1 b or CoRoT-3 b, either of which is mas-
sive enough to be considered brown dwarf (Schlauf-
man 2018). However, HATS-12 b has a mass of
2.39±0.087MJup, opposed to masses > 20MJup. It
is important to note that HATS-12s Gaia luminosity
decreased to 12% of its previous value, so it is likely
that the mass of HATS-12, and mass and density of
HATS-12 b, also decreased (Table 1). This fact again
illustrates the importance of accurate determinations of
stellar parameters for obtaining exoplanet characteris-
tics.
3.4. Habitable Zones
In order to determine whether the planets in our sam-
ple might lie within the habitable zone around their host
stars, we calculated the incident flux falling upon our
sample of 690 planets. The incident flux quantifies the
amount of radiant energy received by the planet from the
host star, and provides some information on one of the
many variables that could contribute to a given planet
being considered habitable (e.g. Kane 2018; Horner &
Jones 2010) - namely, the ’habitable zone’. In essence,
for a rocky planet, or a massive satellite orbiting a giant
planet, the habitable zone estimates the region around
the star for which that planet could host liquid water on
its surface. Since the incident flux determines the tem-
perature of the planet, it is a good first proxy for the
likelihood that a given planet could host liquid water.
However, the appropriate incident flux alone does not
guarantee that a given planet is habitable. A detailed
discussion of the calculation of the habitable zone for
stars of different spectral class, and planets of different
mass, can be found in Kopparapu et al. (2014).
Here, we adopt the 1M⊕ habitable zone limits pro-
vided by Kopparapu et al. (2013, 2014) in order to as-
sess which of the planets we have studied could be con-
sidered to fall within the habitable zone around their
host star. Figure 9 shows all 690 confirmed planets with
the optimistic habitable zone plotted in light green and
the conservative habitable zone plotted in darker green.
Most planets seem to reside at incident fluxes several
orders of magnitude higher than those needed for habit-
ability. This result is not, however, a surprise - both of
the predominant techniques for exoplanet detection are
biased towards finding planets on short-period orbits,
close to their host star - and so it is unsurprising that
the majority of planets in the catalog orbit at relatively
small distances from their hosts.
Figures 6 and 9 show a clear grouping of planets
around 10R⊕ and 150F⊕, respectively. This phe-
nomenon was also observed by Berger et al. (2018) and
is consistent with planet inflation theory where planet
radius seems to increase with incident flux through two
possible mechanisms. The first mechanism of planet
inflation includes the heating of the planet’s interior by
direct radiative heating of the planet’s outer layers. The
second mechanism of planet inflation includes the slow-
ing of radiative cooling through the planet’s atmosphere
by the previously mentioned increase in received inci-
dent flux on the planet’s surface (Burrows et al. 2007;
Weiss et al. 2013; Lopez & Fortney 2016).
Overall, we calculated an average percentage change
in incident flux received by a given planet of +8.92 %.
We calculated a median percentage change in incident
flux of 1.05 %. Figure 10 shows a clear change in incident
flux for planets in the habitable zone. We found that
three planets that were previously located outside the
habitable zone have moved into the optimistic habitable
zone as a result of the Gaia DR 2 data: HIP 67537 b, HD
148156 b, and HD 106270 b. HIP 67537 was reported
to have a minimum mass of 11.1+0.4−1.1MJup, putting it
within the planet to brown-dwarf transition region due
to being above the theoretical deuterium-burning limit.
HIP 67537 b also has a semi-major axis of 4.91+0.14−0.13 au,
putting it on the edge of the Brown-Dwarf Desert and
making it a rare object of interest (Jones et al. 2017).
HD 148156 b was reported to have a minimum mass
of 9.86+7.77−0.58M⊕ (Naef et al. 2010), making it a mini-
Neptune. HD 106270 b is orbiting an evolved sub-giant
and was reported to have a minimum mass of 11.0MJup
(Johnson et al. 2011). This places HD 106270 b near
the theoretical deuterium-burning limit. As is outlined
in Johnson et al. (2011), planets like HD 106270 b give
insight into giant planet occurrence rates around more
massive host stars as compared to Sun-like host stars.
Occurrence rates can then be used to constrain plane-
tary formation theories (Johnson et al. 2011).
Whilst these three planets are all markedly too mas-
sive to be considered potentially rocky (and therefore
habitable in their own right), it is worth considering
whether they could host satellites that would, them-
selves, be considered potentially habitable (as previously
discussed in e.g. Tinney et al. 2011; Hinkel & Kane 2013;
Heller & Barnes 2013; Hill et al. 2018). In the Solar
system, the giant planets each have a plethora of satel-
lites, ranging from tiny, distant, irregular companions
(e.g Nesvorny´ et al. 2003; Jewitt & Haghighipour 2007;
Holt et al. 2018) to giant regular satellites that could
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Table 1. The parameters of the five highest density exoplanets in our sample, based on data from Gaia
DR 2. Here, L∗ is the luminosity of the host star, in units of the Solar luminosity, and a is the semi-major
axis of the planet’s orbit, measured in astronomical units.
Planet Name Densitya Massb Radiusc Old L∗b Updated L∗c ab
(g cm−3) (MJup) (RJup) (L) (L) (au)
KELT-1 b 22.1+5.62−9.16 27.23
+0.50
−0.48 1.15
+0.10
−0.16 3.48±0.22 3.11±0.05 0.02466±0.00016
HATS-12 b 21.7+7.80−14.4 2.39±0.087 0.514+0.060−0.114 7.29±1.50 0.87±0.11 0.04795±0.00077d
CoRoT-3 b 16.1+3.98−3.97 21.66±1 1.19±0.10 N/A 2.46±0.21 0.05783±0.00085d
WASP-103 b 0.079+0.014−0.049 1.49±0.088 2.86+0.16−0.58 2.59+0.0.39−0.032 7.61±1.34 0.01985±0.00021
aGaia DR2 revised radius and NASA Exoplanet Archive mass
bNASA Exoplanet Archive
cGaia DR2 revised
dNASA Composite Exoplanet Archive
Note—Exoplanet masses are likely to change with further observations better constraining the host-star
masses.
host sub-surface oceans (e.g. Carr et al. 1998; Khurana
et al. 1998; Lorenz et al. 2008). However, the total mass
of the satellite systems of those four giant planets are
remarkably consistent, with the combined mass of the
satellites of a given planet totally approximately one ten-
thousandth of the mass of the planet itself (e.g. Canup
& Ward 2006).
If we assume that this relationship holds true for mas-
sive exoplanets, then one would expect a giant with
mass 10MJup to host a satellite system with a cumu-
lative mass of 0.1% that of Jupiter - or, in other words,
approximately one third of the mass of the Earth. As
such, it is perhaps not beyond the bounds of possibility
that some of the most massive planets that fall within
the habitable zone of their stars could host satellites that
are sufficiently large to host an appreciable atmosphere.
The challenge, of course, would be to detect such a
satellite. Despite the significant observational challenges
involved in searching for such exomoons, it is worth not-
ing that such efforts are currently underway (e.g. Kip-
ping et al. 2012, 2013, 2015). Those efforts have yielded
tentative fruit, with the announcement of a potential
satellite orbiting Kepler-1625 b (Teachey et al. 2018),
although that satellite’s existence remains controversial
at this time (Heller 2018; Rodenbeck et al. 2018). Nev-
ertheless, if such giant satellites do indeed exist around
a subset of the planets that appear to be in the habit-
able zone of their host stars, such moons will represent
a fascinating laboratory for our ideas on planetary hab-
itability.
Aside from the potential for habitable exo-moons,
multi-planet Jovian systems present the possibility of
exo-Earths sharing the habitable zone with Jupiter size
planets (Agnew et al. 2018b). As is the case with exo-
moons, detecting such a planet would be near impos-
sible with our current instruments. Future spectro-
graphs, such as ESPRESSO (Pepe et al. 2014; Gonza´lez
Herna´ndez et al. 2017) and CODEX (Pasquini et al.
2010), will aim for the accuracy needed (0.01-0.1 m s−1)
to detect such a low mass object. We would like to
stress that we are not claiming that the planets in this
study could be habitable. Rather, we are highlighting
the implications that a planet’s habitability holds in the
discussion of habitable exo-moons and exo-Earths.
In addition to the three planets (or brown dwarfs)
that have moved into the habitable zone in this char-
acterisation, it is also worth noting that BD+49 828
b, which was previously reported to be in the habit-
able zone, was removed due to the new data yielding a
significantly increased incident flux over that calculated
using earlier stellar parameters. BD+49 828 b is a long
period, 1.6+0.4−0.2MJup super-Jupiter orbiting an evolved
Red-Giant (Niedzielski et al. 2015).
4. CONCLUSIONS
Since derived planetary properties are so heavily de-
pendent on the properties of their stellar hosts, which
are in turn dependent on an accurate measurement of
the distance to that star, it is critical for our under-
standing of the variety of exoplanets to have accurately
determined distances for planet host stars. The recently
released Gaia DR2 database provides accurate paral-
laxes and stellar parameters for billions of stars, and
represents a great improvement over the parameterisa-
tions previously available. We have used these to obtain
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Figure 9. Teff versus Incident Flux for 690 planets. Our data (black) is compared with previous incident fluxes (red) computed
using NASA Exoplanet Archive semi-major axes and luminosities. We plotted our error bars in black and the error bars from
previously reported data in red. The wider, light green bar represents the optimistic habitable zone for an Earth mass planet.
The thinner, darker green bar represents the conservative habitable zone for an Earth mass planet. Both habitable zones were
identified by Kopparapu et al. (2013, 2014).
better distance estimates for many of the stars that
are known to host exoplanets, and used this to obtain
updated radii and densities for many of the aforemen-
tioned exoplanets. In addition, we have used the Gaia
data to reassess whether known exoplanets orbit within
the habitable zone of their host stars. Such improved
characterisation will prove vital, in the coming years, in
helping to determine which planets are the most promis-
ing targets for the detailed follow-up observations that
will be necessary if we are to search for any evidence of
life beyond the Solar system (e.g. Horner & Jones 2010).
In summary, our key results are as follows:
• The updated stellar parameters from Gaia DR 2
result in an average change in planetary radius of
+3.76 % and a median change in planetary radius
of +2.56 %, across the whole sample.
• The calculated density of CoRoT-3 b, once con-
sidered the most dense planet detected to date, is
reduced from 26.4±5.6gcm−3 to 17.3±2.9gcm−3.
• We report a new densest exoplanet, KELT-1 b.
Its revised density was calculated to be 23.7±4.0
g cm−3.
• We report a revised density for WASP-103 b.
WASP-103 b showed the largest change in radius
of our entire sample, with the new value some 87
% larger than that published in previous work. As
a result of this increase in radius, the density of
WASP-103 b was calculated to be 0.085±0.011 g
cm−3, making it one of the lowest density exoplan-
ets of our sample.
• We report an average percentage change in inci-
dent flux of +8.92 % as well as a median percent-
age change in incident flux of +1.05 %.
• We report three new planets in the habitable zone
based on incident flux: HIP 67537 b, HD 148156 b,
and HD 106270 b. We also report one exoplanet,
BD+49 898 b, being removed from the habitable
zone, on the basis of a significant increase in the
calculated luminosity of its host star.
• We observed a clear prevalence of hot Jupiters in
our sample, characterized by low semi-major axis,
low period, and high planetary radius. This re-
flects a selection bias generated by picking only
stars for which we had transits. Further obser-
vational studies are needed to confine the masses
of these exoplanets to then provide more accurate
densities.
Our work reveals the critical importance of missions
such as Gaia to our ongoing attempts to better under-
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Figure 10. Same as Figure 9 but with the habitable zone expanded. Points for which no previous incident flux could be
calculated were removed. Planets were labeled for easy identification. A grey arrow shows a clear change in incident flux from
the previous data to our revised data.
stand the variety of planets orbiting other stars. In par-
ticular, the future identification of potential targets for
the search for life beyond the Solar system will rely on
precise knowledge of the stars that host those planets.
As Gaia continues its work, it will yield still more pre-
cise measurements of billions of stars, which will play a
vital role in exoplanetary science for years to come.
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APPENDIX
Contained in this appendix are the data from this work. The host star parameters used in this work can be found
in Table 2. A full table of derived planetary parameters can be found in Table 3.
Table 2. Host Star Properties taken from Gaia DR2
Host Name Host Luminosity Host Radius Host Teff
(L) (R) (T )
11 Com 135.955+3.180−3.180 17.181
+0.555
−2.051 4755.
11 UMi 268.853+5.004−5.004 30.262
+1.625
−3.414 4249.
14 And 56.515+0.634−0.634 11.147
+0.282
−0.485 4740.
16 Cyg B 1.259+0.001−0.001 1.120
+0.032
−0.042 5777.
18 Del 37.665+0.371−0.371 7.911
+0.110
−0.668 5084.
Note—Host name, luminosity, radius, and Teff of 750 exoplanet host stars. Host stars with no reported Radius, Luminosity,
and Teff were omitted. All parameters are taken from Gaia DR2. Table 2 is published in its entirety in the machine-readable
format. A portion is shown here for guidance regarding its form and content.
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Table 3. Revised Properties of Exoplanets
Planet Name Planet Radius Planet Massa Planet Density Semi-Major Axisa Planet Incident Flux
(RJup) (MJup) (g cm
−3) (au) (F⊕)
11 Com b N/A N/A N/A 1.290+0.050−0.050 81.699
+3.699
−1.892
11 UMi b N/A 14.740+2.500−2.500 N/A 1.530
+0.070
−0.070 114.850
+5.673
−2.113
14 And b N/A N/A N/A 0.830
+N/A
−N/A 82.036
+N/A
−N/A
16 Cyg B b N/A 1.780+0.080−0.080 N/A 1.660
+0.030
−0.030 0.457
+0.008
−N/A
18 Del b N/A N/A N/A 2.600
+N/A
−N/A 5.572
+N/A
−N/A
aNASA Exoplanet Archive
Note—Planet name, radius, mass, density, semi-major axis, and incident flux of 807 exoplanets. Planets that had no calculated
Radius, Density, and Incident Flux were omitted. Table 3 is published in its entirety in the machine-readable format. A
portion is shown here for guidance regarding its form and content.
